Bipolar disorder (manic depression) afflicts about one percent of the United States adult population. In this paper, we use limit cycle oscillators to model Bipolar II disorder, which is characterized by alternating hypomanic and depressive episodes. We consider three nonlinear oscillator models of a single bipolar patient. In each case, we begin with an untreated individual and examine the mathematical effects and resulting biological consequences of treatment. We also study the dynamics of two individuals with bipolar II disorder who live together. We model such interactions between bipolar II individuals using weakly-coupled, weakly-damped harmonic oscillators. We conclude with a discussion of possible generalizations of our model, as there are several biologically-motivated extensions that can be readily incorporated into the series of models presented here.
Introduction
About one percent of the United States adult population is afflicted with bipolar disorder. 9 Psychiatrists have established a broad range of criteria for classifying this disorder in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM IV).
1 Characteristics of bipolar disorder, which need not be present in all bipolar individuals, include mixed episodes, in which it is possible to simultaneously experience symptoms of both mania and depression, and rapid cycling, in which a patient experiences at least four cycles per year. 9 Bipolar disorder poses myriad difficulties to clinical practitioners. It is difficult to diagnose, patients often do not adhere to treatment and/or medication, and most drugs, if taken individually, can be toxic. 11 Moreover, there is a dearth of data concerning bipolar disorder, in part because of a lack of agreement on well-suited trial design. Consequently, bipolar disorder is very difficult to study using clinical trials. 15 There are several distinct types of bipolar disorder. Bipolar I disorder is characterized by a combination of manic and depressive episodes with the possibility of mixed episodes, whereas bipolar II disorder is characterized by a combination of hypomanic and depressive episodes. 1, 5 (Hypomanic episodes are not as severe as manic episodes. Mania can last much longer than a week, whereas hypomania need only last four days.
1 ) Patients with bipolar II disorder tend to be more prone to rapid cycling-especially if initially treated only with antidepressants.
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Bipolar II disorder is often misdiagnosed as either unipolar depression or a severe personality disorder. In order to be correctly diagnosed, a patient seeking treatment must give an accurate description of their past behavior. Due to the nature of the hypomanic episodes (more energy, decreased need for sleep, etc.) patients do not describe these conditions to doctors and are therefore diagnosed with unipolar depression. 4 According to the Results of the National Depressive and Manic-Depressive Association 2000 survey of people with bipolar disorder, over one third of respondents sought professional help within a year of onset of symptoms. However, it took as many as ten years and four physicians for some patients to be correctly diagnosed.
13
Treatment for bipolar disorder ideally includes a combination of medication and therapy. Typical drug treatments include mood stabilizers, antipsychotics, antidepressants, and other drugs found to be effective (such as certain anticonvulsants). Some of the more commonly used drugs are Lithium, Valproate (also know as Depakote), Carbamazepine (also known as Tegretol), and Prozac. Mood controlling drugs such as Lithium take four to ten days to reach therapeutic levels in the blood stream, so initial treatment is likely to include both antidepressants and antipsychotics. 5 During the maintenance state, antidepressants and antipsychotics are generally supplemented by mood stabilizers. Monotherapy (single drug therapy) is generally avoided by clinicians because of the strong side effects of some of the drugs used. Other drugs that can be used include selective serotonin reuptake inhibitors (SSRI) and monoamineoxidase inhibitors (MAOI), both of which are typically used for depression. 5 In some cases, special care must be taken to ensure that a bipolar individual does not fall into a pattern of rapid cycling or become addicted to some of the medication. In fact, substance abuse is a problem associated with bipolar disorder.
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In this paper, we propose and analyze three mathematical models of bipolar individuals. Rather than focusing on the method of diagnosis (which is a difficult medical problem), we instead concentrate on the dynamics of our models under the proposed treatment strategy, which is understood to involve a combination of drugs and/or therapy. Note additionally, that the models we study are not meant to represent a specific treatment but are instead only intended to give some insight into the dynamics of bipolar disorder.
Bipolar II disorder is known to be highly heritable. 3 For example, it has been reported that the offspring of people with bipolar II disorder have a 35 percent chance of being afflicted themselves. In particular, there are known cases of family units with multiple bipolar II individuals. We will thus also examine the dynamics of a closely interacting pair of bipolar individuals.
Oscillator Models of Bipolar Individuals
For modeling purposes, some simplifying assumptions are necessary. First, while bipolar II disorder can be somewhat erratic, episodes are known to exhibit recurrent patterns. For a group of patients with this disorder, there is a periodicity governing the manic and depressive episodes.
12 Moreover, it is commonly assumed that if the disorder is left untreated it will progress severely.
Model 1: Van der Pol Oscillator
As the episodes of hypomania and severe depression are periodic and-if untreated-increase in time, we model the mood and mood change of an untreated individual using a negatively damped harmonic oscillator,
where x denotes the emotional state of the patient,ẋ is the rate of mood changes between hypomania and severe depression, and α > 0 and ω are parameters. To establish a biologically reasonable scale for mood variations, we consider values |x| ≤ 10 as biologically meaningful, where x = 10 arbitrarily represents the most severe hypomanic state and x = −10 represents the most severe depressed state. Because all individuals experience some mood variation, we establish a threshold of |x| = 1 in mood variations to indicate the clinical diagnosis of bipolar II disorder. That is, a patient is classified as having bipolar II disorder when |x| > 1. We realize that many considerations actually go into the proper diagnosis of the disorder. In our model, by the time the oscillator is able to reach an x value of ±1, a sufficient number of the classifying criteria are assumed to have been met to be able to diagnose the individual with the disorder. The emotional state in which a patient is able to perform everyday activities without the hindrances normally associated with bipolar II disorder is arbitrarily defined to be |x| ≤ 0.3. Because we are seeking a qualitative analysis, our scales are chosen only as a caricature of the general behavior under study. Additionally, a typical bipolar II patient is usually diagnosed while in a depressive episode rather than in a hypomanic episode.
12 Setting the parameters α = 1/2 and ω = 20 with initial conditions t 0 = 0, x(0) = 0, anḋ x(0) = 0.07 provides one caricature of such a patient (see Figure 2 .1). There are many initial conditions that can be considered, but the qualitative behavior that occurs when medication is applied is the same for any biologically reasonable initial conditions. Moreover, as the time at which we choose to apply the medication function is arbitrary up to the point that the amplitude of mood swings is greater than 1, an individual can be diagnosed with bipolar II disorder during either a manic or a depressive episode. By solving (1) analytically, we predict that a typical patient experiences the first episode of hypomania and severe depression at around age 22.5.
Most patients with bipolar II disorder are diagnosed when they are in a depressive episode because hypomania usually does not prevent the normal function of individuals. In many cases, hypomania can even enhance short-term functionality.
9 Therefore, we assume treatment begins at approximately age 22.8. We model the treatment of a bipolar II individual via an autonomous forcing function. The inclusion of this forcing term turns equation (1) into the well-known van der Pol equation,
The forcing function g(x,ẋ) = βx 2ẋ represents overall treatment-including a combination of antidepressants, mood stabilizers, psychotherapy, and either antipsychotics or tranquilizers. Finding the correct way to treat a given patient may take as many as ten to fifteen trials on different medications. The most comprehensive treatment, however, involves both medication treatment and psychotherapy. 4 We have chosen the forcing function g(x,ẋ) because treatment depends both upon the severity of an individual's mood swings and the rate at which they occur. Our choice of forcing function with β = −50 provides a caricature of the effects of the overall treatments given to bipolar II patients. Successful treatment is characterized by limiting the mood variation to |x| ≤ 0.3.
This model (2) of a treated bipolar individual possesses a unique stable limit cycle surrounding the origin. 18 It is a specific example of a more general class of equations of the form
which is known as the Liénard equation. The presence of this limit cycle indicates that after the bipolar patient is given treatment, his mood variations will oscillate within a range of x values to be determined by the parameters in equation (2) . Using harmonic balance, 16 the approximate amplitude of the limit cycle is calculated to be
Although this model gives some insight into the dynamical properties of periodic mood variations of bipolar individuals, the characterization of untreated individuals is not realistic because of the unbounded oscillations (mood swings) that result from every initial condition. We thus seek a model that not only captures the behavior of treated bipolar II individuals, but also does a better job of capturing the dynamics of untreated individuals.
Model 2: Van der Pol Oscillator with Autonomous Forcing
In this model, we use a van der Pol oscillator 18 to represent an untreated bipolar II individual. This characterization is more realistic than that in (1), as the mood swings of an untreated patient can still grow large but now approach a bounded limit cycle rather than eventually becoming infinite. The treatment is again applied in the form of an autonomous forcing function g(x,ẋ):
We choose a specific treatment function in the form
For the simulations in this paper, we only consider the case δ = 0, but one can apply a medication of this generalized form to adjust the coefficient β.
In Model 1, the choice of the mood size leading to diagnosis and the mood amplitude when an individual is deemed to be in a functional state was arbitrary because it was the qualitative behavior which gave us insight into bipolar disorder. In Model 2, we choose .1 to be the threshold of a hypomanic episode, and −.1 to be that for a depressive episode. A healthy person can be modeled by (2), provided the limit cycle has an amplitude less than .1. In the case of an untreated bipolar II patient, we choose the parameters α = .36, β = −100, and ω = 5, which yields a limit cycle with an amplitude of approximately 0.12, as shown in Figures 2.2 and 2.3.
Starting with the van der Pol oscillator caricature of the untreated patient, we apply the forcing function g(x,ẋ) to represent medication. We use (5) to represent a treated bipolar II patient, who possesses an unstable, large limit cycle (greater than the .1 amplitude threshold for 'normal' behavior) and a stable, small limit cycle. Choosing α = .1, β = −100, and γ = 5000 yields the plots in Figures 2.4 and 2.5.
Using the method of averaging, 16 we study the number and amplitude (denoted A) of the limit cycles of equation (5). The dynamics of A are described by slow flow equations of motion, whose non-zero equilibria correspond to limit cycles of equation (5). Depending on the values of the parameters, there can be zero, one, or two limit cycles. The slow flow equations contain both positive and negative equilibrium solutions, but only the non-negative solutions are relevant. The possible limit-cycle amplitudes are
Once we find the limit cycle amplitudes, we compute the Jacobian (in this case, the second derivative) to determine their stability as functions of α, β, The parameters are α = .36, β = −100, and ω = 5, creating a limit cycle with an amplitude of .12, which is larger than that describing 'normal' mood swings. and γ. Note that there is always a slow-flow equilibrium at A = 0, which corresponds to the equilibrium at (0, 0) of (5). The conditions we obtain for the limit cycles and their stability are:
1. One limit cycle:
• There is one limit cycle when β/γ > 0 and β 2 = 8αγ. There is a bifurcation at this point (corresponding to the coalescence of two limit cycles), and stability cannot be determined by computing a Jacobian.
• There is one limit cycle when β 2 − 8αγ > |β| regardless of the sign of β/γ. This occurs exactly when αγ < 0. Such a limit cycle is always unstable.
• There is one limit cycle when α = 0 and β/γ < 0. In this situation, the Jacobian is −β 2 /2γ so the limit cycle is stable if and only if γ > 0.
2. Two limit cycles occur if β/γ < 0 and β 2 > 8αγ > 0. Consequently, γ, α > 0 when β < 0 and γ, α < 0 when β > 0. In the biologically relevant situation describing a treated individual, the smaller limit cycle is stable. For example, in Figures 2.4 and 2.5, we used the parameters α = .1, β = −100, and γ = 5000.
3. Zero limit cycles occur in all other situations, as there are no slow-flow equilibria with positive A. In these cases, either β 2 − 8αγ < 0 (so that A 2 is not real) or α, β, and γ all have the same sign (so that A 2 < 0 holds for both squared amplitudes).
Model 3: Liénard Oscillator with Autonomous Forcing
Model 2 constituted an improvement over Model 1 in that an untreated patient cannot possess unbounded mood oscillations. For a treated patient, the introduction of a forcing function (representing treatment) resulted in smaller mood swings; however, a larger unstable limit cycle was introduced. This has the potential drawback of predicting that if an individual goes too , and γ = 5000, which yields an unstable limit cycle with amplitude greater than .1 and a stable limit cycle with amplitude less than .1. This patient begins to receive treatment at about age 5 or 10. The age of onset of bipolar disorder is most often between the ages of 18 and 22, but bipolar disorder can start in early childhood. long without being diagnosed (and thus the amplitude of the mood swings is too large), we would need to make sure that the initial condition when treatment begins is within the basin of attraction of the smaller stable limit cycle. In other words, if the mood swings are too large, it might be necessary to drastically reduce the mood amplitude before introducing 'normal' treatment.
Model 3 provides an alternative formulation of the previous two characterizations. In this situation, we will demonstrate the presence of three limit cycles: the ones with largest and smallest amplitude will be stable and the limit cycle between them will be unstable. Toward this end, we consider an equation of the formẍ
where
For this model, we considered the functions f (x) = −0.38 ≡ constant and h(x) = 180x together with the parameters µ = −0.78 and ν = −0.00093. An untreated patient also satisfies ρ = 0.38, which yields a large stable limit Figure 2 .6 depicts a phase portrait of the relationship of the individual's emotion vs. change in mood. For the given model and any initial conditions, the individual's mood variations settle asymptotically to the stable limit cycle with mood swing amplitude |x| ≤ 0.4465. Keeping in mind that every point on the inside or the outside of the graph represents a set of initial conditions, the fact that this system's limit cycle is stable for this system implies that the trajectory eventually spirals towards the limit cycle, yielding the results seen in Figure 2 .7.
Observe that the mood varies between ±0.4465. Examining in closer detail the graph of mood versus time indicates that this individual is diagnosable at age 20 for both hypomania and severe depression.
In considering the role of treatment in this model, we note that ρ is the key parameter that will be adjusted. For the treated patient, we assume that ρ = 3.302. This change of ρ has been considered carefully. Through many computer-generated simulations, an appropriate ρ can be chosen such that the desired behavior is observed. A treated bipolar II patient is then modeled bÿ
This model encompasses all aspects of treatment as a single factor. In Figure  2 .8, we see that by inputting the new initial conditions into the treatment model, the patient exhibits favorable emotional patterns. There is a large stable limit cycle and an unstable limit cycle just inside it. A smaller stable limit cycle is the desired emotional pattern of the patient and once we are inside the large unstable cycle, all solutions spiral toward this smaller cycle. The larger limit cycle prevents a treated patient from having unbounded mood variations, that could otherwise occur, for example, if a perturbation were to make the current mood amplitude too large. The smaller stable limit cycle represents the desired low-amplitude mood variations. Comparing Figures 2.7 and 2.9 shows that after treatment both the hypomanic and severe Figure 2 .8: Treated bipolar II patient for Model 3. There is a large outer limit cycle which is stable and an unstable limit cycle lying just inside of it. There is a smaller stable limit cycle inside of this which represents the desired mood swings of a treated patient. depressive episodes disappear. At the beginning of treatment, the mood x stays relatively close to ±0.2. It then tends asymptotically to the stable limit cycle where x varies between ±0.0297. An important feature to notice in Figure 2 .8 is that treatment can begin at any time because the small limit cycle attracts all solutions that lie inside the unstable limit cycle. If the mood swings of the bipolar individual are initially too large, it may again be necessary for a brief drastic treatment to bring them into the basin of attraction of the smaller limit cycle.
Bipolar Patients as Interacting Oscillators
Now that we have examined models for the treatment of individual bipolar II individuals, we study the interactions between two bipolar II patients. We are interested in modeling the possible effect two patients have on each other while undergoing treatment.
Consider two treated bipolar II individuals, each separately given by equa-tion (2) in polar coordinates. This yields the equations of motioṅ
We employ polar coordinates to provide a natural manner of adding coupling terms to represent the interaction between two patients. In the situations we consider, we assume that the phase difference affects only the phase terms and the amplitude difference affects only the amplitude terms. We consider two types of coupling, which we discuss below. The motivation for our choices of coupling functions is that they average the difference in both the magnitude of the mood variations and the rate at which these episodes occur in interacting bipolar II individuals. Both models we consider have the same form for the radial coupling; they differ only in their form of phase coupling.
Unbounded Phase Difference
With the coupling terms described above, the interaction between two bipolar II individuals is described bẏ
where K 1 , K 2 , K 3 , K 4 are the coupling coefficients. An important detail to note is that the angular coupling terms in (15) include no limitation on the phase angle, so that θ 1 − θ 2 can increase beyond 2π. There is no difficulty, however, when we convert back into rectangular coordinates. The coupling terms remain bounded, as they are of the form x 2 i +ẋ 2 i and arctan(ẋ/x). When we numerically integrate these dynamical equations, we utilize arctan(ẋ/x) ∈ (−π/2, π/2). Although the arctangents in rectangular coordinates create a discontinuous vector field, the behavior near the discontinuities correctly models the biology observed in situations in which two patients with bipolar disorder are interacting (fluctuation near in-phase and out-of-phase modes). When we couple two similar individuals, they necessarily have the same values of α, ω, and β. In this situation, the four-dimensional dynamical system is given in rectangular coordinates bẏ
In-Phase/Out-of-Phase Modes
To examine the in-phase mode, let x 1 = x 2 , and y 1 = y 2 . The resulting equations of motion constitute a two-dimensional dynamical system in x 1 and y 1 . One can employ Liénard's theorem to ensure that the in-phase mode exists and is stable in a two-dimensional invariant manifold of the original four-dimensional phase space. Numerical simulations suggest that the in-phase mode is also stable in the full phase space. The out-of-phase mode satisfies x 1 = −x 2 and y 1 = −y 2 . Using the same argument as for the in-phase mode, we conclude that the out-of-phase mode exists and is stable in a two-dimensional invariant manifold of phase space. Despite their apparent stability, in-phase and out-of-phase modes have relatively small basins of attraction due to the presence of other types of periodic motion in the system-specifically, four-point oscillations (which occur for small k).
Interpreted biologically, two coupled bipolar II individuals with similiar moods (x 1 ≈ x 2 ) and mood cycling rates (y 1 ≈ y 2 ) tend to remain in-phase. They are synchronized in the sense that they enter hypomanic and depressive states (roughly) concurrently. The same argument applies to out-of-phase modes, so if two bipolar II individuals are almost completely out-of-phase, they will remain that way. One individual enters a hypomanic phase when the other enters a depressive phase.
Qualitative Behavior for the Unbounded Phase Coupling Model
We consider the interaction of two patients in order to determine joint behavioral patterns. To illustrate their dynamics, we utilized the parameter values
The important facet of this particular situation is that patients are represented by the same nonlinear oscillator forced with the same treatment functions. Moreover, their interactions are symmetric, as Patient 1 and Patient 2 affect each other equally. With numerical simulations, we observe four predominant orbits for small values of x 1 , x 2 , y 1 , and y 2 . As discussed above, two biologically relevant solutions are the in-phase mode and out-of-phase modes. There are also are similar four-point periodic oscillations, in which two bipolar II individuals continually oscillate between nearly in-phase and nearly out-of-phase behavior. Such solutions appear stable numerically, as solutions tend toward four-point oscillations for initial conditions outside the relatively small basins of attraction of the in-phase mode, out-of-phase mode, and equilibria. It is also important to consider the equilibria of (15). We know from theoretical considerations that there must be some unstable equilibrium inside the in-phase and out-of-phase modes. 18 With numerical calculations, we found a saddle point at the origin, four additional saddles, and eight sinks. Because of symmetry and the known presence of four saddle-sink pairs, we believe that there are four other saddle points in our system, although we did not observe them numerically. It would be interesting to exploit the symmetry of (15) explicitly.
These equilibrium points cause our model to have very interesting mathematical behavior, but because we can make few conclusions concerning the biological applications of this particular situation, we forgo an exacting mathematical analysis of these dynamical equations.
Bounded Phase Difference
The unbounded phase coupling model considered above was potentially problematic in polar coordinates but was fine in rectangular coordinates with a specific choice of a branch of the arctangent function. To alleviate the difficulty in polar coordinates, we consider a second form of phase coupling in which the angular difference in polar coordinates is bounded by taking the sine of the difference. This yields the following equations of motion:
where K 1 , K 2 , K 3 , K 4 again denote the coupling coefficients. Although this change may appear to be minor, based on what it looks like in polar coordinates, the resulting dynamical system seems vastly more complicated in rectangular coodrinates. For brevity, we have not written these equations. Nevertheless, it is important to highlight the fact that our analytical and numerical conclusions below are based on the equations as written in rectangular coordinates.
In-Phase/Out-of-Phase Mode and Qualitative Behavior of the Bounded Phase Model
We again examine the in-phase and out-of-phase modes. Both such modes necessarily exist, and their stability can be determined numerically by examining a trajectory whose initial condition lies close to the respective mode. With this procedure, we find that the in-phase mode is stable, but that the out-of-phase mode is unstable. Our numerical simulations indicate that seemingly every initial condition is eventually attracted to the in-phase mode. Moreover, not only is there no longer a stable out-of-phase mode, but the four-point oscillations also seem to disappear under this modification. The results of this model suggest that the stability of the in-phase mode is more robust than that of the other modes. This phenomenon may also occur and have important ramifications in other disciplines, such as control theory. We also note that, as expected, increasing the coupling strength also increases how fast solutions approach the in-phase mode.
Discussion
There are noticeable differences in the dynamical behavior of treated and untreated bipolar II individuals. We illustrate this with Model 1. In untreated individuals, it takes 0.081 years (29.57 days) from the time the patient enters a severe depressive episode to when the individual reaches a functional state. On the other hand, treated individuals take 0.111 years (40.52 days) to go from the first sign of severe depression to a reasonably functional state. It initially appears that treatment prolongs depressive episodes, but in reality the limit cycle is undergoing a phase shift, which lengthens the depressive episode by 0.03 years (11 days) during the initial cycle. However, treatment also reduces the limit-cycle amplitude to x 2 ≈ 0.561, where x would have exceeded 1 in the hypomanic state if left untreated. The net effect of the treatment (represented by the autonomous forcing function) is to cause a phase shift and subsequently diminish the amplitude of the mood swings so that they lie within a functional state.
Because the two-dimensional dynamical systems we consider for bipolar individuals are simple caricatures of their behavior, it is concomitantly easy to analyze these models. Despite their simplicity, they are able to qualitatively capture to a reasonable degree the known behavior of treated and untreated bipolar II individuals. However, complications arise when we attempt to model interactions between two bipolar individuals. For example, the sinks that are observed in the resulting mathematical equations do not seem to have any biological analog, as we were unable to find documented cases in which a patient asymptotically approached some emotional state far above the required amount to be considered bipolar. This happens at distinct places in our model and makes analysis for the behavior in a weakly coupled system difficult for large values of |x j |, and |y j |. For small |x j | and |y j |, however, our coupled system seems to adequately capture the psychological behavior of bipolar II individuals. The two bipolar II patients experience periodic mood variations, and-depending on the values of the dynamical system's parameters-our model can achieve behavior ranging from stable oscillations to apparently chaotic mood variations.
At this point, it is also important to briefly consider how our models can be improved as well as generalized to other biologically relevant situations. First, incorporating biological data is of paramount importance. We used minimal data simply because it is unavailable. In our view, this is the largest deficiency in our analysis, and we feel that employing models like those we have considered along with data from psychological testing of bipolar II individuals would lead to a signficantly increased understanding of bipolar disorder.
Additionally, the models we studied can also be readily generalized to further examine mood disorders using limit-cycle oscillators. For example, we can incorporate the fact that medications administered to bipolar II patients take days to reach therapeutic levels in the blood stream by adding a time-delay to the treatment function. We can also gain further mathematical and biological insight by directly examining the bifurcations that occur in our models. Moreover, we can incorporate explicit time-dependence (for example, via delta functions representing instantaneous medication) into the medication by considering a nonautonomous forcing function g(x, t).
Finally, it is important to note that one may use limit cycle oscillators to study behavioral cycling in mood disorders besides bipolar disorder, as such phenomena are of considerable interest to both psychologists and psychiatriists. Pertinent disorders that can be so studied include unipolar depression and cyclothymia. For example, cyclothymic individuals flip rapidly back and forth between depressed and euphoric moods. Their high and low periods are much less intense than those of bipolar individuals, and they do not last long. It is not known precisely what leads individuals from one pole to the other. 17 Possible causes include psychosocial stress, disrupted sleep patterns, or some endogenous or internal biological mechanism that is not connected to environmental stimuli. It is also not known what happens to cycling over time. Perhaps an individual's cycling slows down with age. From a mathematical perspective, we wish to highlight that the effects of disrupted sleep patterns could be studied by coupling a cyclothymic (or bipolar) individual with a limit-cycle oscillator representing the human sleep-wake cycle.
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Another important issue to consider is the threshold for flipping poles. It has been theorized, for example, that the threshold for depression (and for flipping poles) gets lower over time. It has been speculated (by, for example, Robert Post 14 ) that the longer one is ill, the more autonomous or disconnected episodes become from the environment. This is termed "kindling theory" and is believed to be analogous to what happens in epilepsy. (In that situation, there is a gradual kindling of biological disturbances in the brain that eventually surpass the threshold for a seizure.) search in this area, we also discussed several possible biologically-motivated extensions of our model that can be readily incorporated into the series of models we have analyzed. 
